The response to infection from porcine reproductive and respiratory syndrome virus (PRRSV) for 2 genetically diverse commercial pig lines was investigated. Seventy-two pigs from each line, aged 6 wk, were challenged with PRRSV VR-2385, and 66 litter-mates served as control. The clinical response to infection was monitored throughout the study and pigs were necropsied at 10 or 21 d postinfection. Previous analyses showed significant line differences in susceptibility to PRRSV infection. This study also revealed significant line differences in growth during infection. Line B, characterized by faster growth rate than line A in the absence of infection, suffered more severe clinical disease and greater reduction in BW growth after infection. Correlations between growth and disease-related traits were generally negative, albeit weak. Correlations were also weak among most clinical and pathological traits. Clinical disease traits such as respiratory scores and rectal temperatures were poor indicators of virus levels, pathological damage, or growth during PRRSV infection. Relationships between traits varied over time, indicating that different disease-related mechanisms may operate at different time scales and, therefore, that the time of assessing host responses may influence the conclusions drawn about biological significance. Three possible mechanisms underlying growth under PRRSV infection were proposed based on evidence from this and previous studies. It was concluded that a comprehensive framework describing the interaction between the biological mechanisms and the genetic influence on these would be desirable for achieving progress in the genetic control of this economically important disease. ABSTRACT: The response to infection from porcine reproductive and respiratory syndrome virus (PRRSV) for 2 genetically diverse commercial pig lines was investigated. Seventy-two pigs from each line, aged 6 wk, were challenged with PRRSV VR-2385, and 66 littermates served as control. The clinical response to infection was monitored throughout the study and pigs were necropsied at 10 or 21 d postinfection. Previous analyses showed significant line differences in susceptibility to PRRSV infection. This study also revealed significant line differences in growth during infection. Line B, characterized by faster growth rate than line A in the absence of infection, suffered more severe clinical disease and greater reduction in BW growth after infection. Correlations between growth and disease-related traits were generally negative, albeit weak. Correlations were also weak among most clinical and pathological traits. Clinical disease traits such as respiratory scores and rectal temperatures were poor indicators of virus levels, pathological damage, or growth during PRRSV infection. Relationships between traits varied over time, indicating that different disease-related mechanisms may operate at different time scales and, therefore, that the time of assessing host responses may influence the conclusions drawn about biological significance. Three possible mechanisms underlying growth under PRRSV infection were proposed based on evidence from this and previous studies. It was concluded that a comprehensive framework describing the interaction between the biological mechanisms and the genetic influence on these would be desirable for achieving progress in the genetic control of this economically important disease.
INTRODUCTION
Porcine reproductive and respiratory syndrome virus (PRRSV) causes a highly infectious disease of pigs that leads to interstitial pneumonia, reproductive failure, immunosuppression, and reductions in feed intake and performance. There is ample evidence for genetic variation in the response of animals to the infection (e.g., Halbur et al., 1998; Petry et al., 2005 Petry et al., , 2007 Vincent et al., 2005 Vincent et al., , 2006 and for the existence of indicative biomarkers that could be targeted for selection (Galina-Pantoja et al., 2006; Petry et al., 2007) . The immune response to PRRSV appears to be manifold, and there are many facets of resistance to the virus that could be targeted by genetic selection (Murtaugh et al., 2002) . However, to date there is a lack of understanding of the relationships between traits associated with PRRSV susceptibility and performance traits, such as growth in the face of PRRSV infection.
Porcine reproductive and respiratory syndrome virus infection is commonly known to have a negative impact on growth, but the degree of the impact appears to vary between and within pig lines or breeds (Greiner et al., 2000; Petry et al., 2005 Petry et al., , 2007 The underlying mechanisms for this relationship are still poorly understood. It can be envisaged that genetic resistance to PRRSV may influence performance in positive (e.g., less impact of the virus on the biological systems) and negative (e.g., the resistant animal diverts more resources and effort to the immune mechanisms rather than growth) ways.
The objectives of this study were to quantify the effect of PRRSV infection on performance and disease traits for 2 genetically diverse commercial lines of pigs and to assess the manner in which the lines differ in their response to infection. We further investigated the relationship between performance and diverse disease traits, and how it changed over the time course of infection. The study also aimed to contribute toward a better biological understanding of the mechanisms that determine how animals cope with the infection.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from an existing database (Vincent et al., 2006) .
The data set used in the present study constitutes a subset of the data set used by Vincent et al. (2006) . Records from only 3 out of the 4 independent replicates previously reported were used because the first trial did not include a complete set of the traits considered in the analysis of the present study.
Experimental Design
Two hundred ten pigs, aged between 2 and 4 wk, from 2 genetically diverse commercial lines of pigs were procured from a PRRSV-free farm in 3 independent replicates. Line A was derived from a Large White population, whereas line B was derived from a Pietrain composite.
Line A pigs consisted of 103 offspring from 5 sires and 19 dams, and line B consisted of 107 offspring from 7 sires and 21 dams. Each trial replicate contained between 33 and 36 animals from each line. At approximately 6 wk of age, designated here as 0 d postinfection (dpi), 24 animals of each line in each trial were infected intranasally by a 5-mL dose of a high-virulence, lowpassage strain (VR-2385) of PRRSV inoculum at 10 5 to 10 6 tissue culture infective dose 50 (TCID 50 /mL) as described in Halbur et al. (1995 Halbur et al. ( , 1996 . Challenged pigs of the same litter were sorted randomly into different pens of 8 pigs each. The remaining pigs (n = 66) were used as experimental negative controls; these were housed in a separate isolation facility with identical conditions, during each respective replicate. One-half of the challenge and control pigs from each line were necropsied at 10 dpi, the remaining one-half at 21 dpi.
Traits Measured
Traits and measurement techniques were described previously (Vincent et al., 2006) . The techniques are briefly described below.
Performance and Clinical Signs. All pigs were weighed 5 d before infection and before slaughter at 10 or 21 dpi. From the time point of infection onwards animals were observed daily up to 10 dpi and subsequently every other day for clinical symptoms. Rectal temperatures were measured, and the degree of respiratory distress was assessed on the same days. The latter was assessed using a previously described method for evaluating the degree of dyspnea, tachypnea, or both (Halbur et al., 1996) on a scale from 1 to 6, where 0 denotes normal; 1 denotes mild dyspnea, tachypnea, or both when stressed and 2 when at rest; 3 denotes moderate dyspnea, tachypnea, or both when stressed and 4 when at rest; and 5 denotes dyspnea, tachypnea, or both when stressed and 6 when at rest.
Blood (18 mL, vacuum container tube) was collected from all pigs before and immediately after challenge to monitor the presence of PRRSV antibodies using a commercially available ELISA test (HerdChek: PRRS, IDEXX Laboratories, Westbrook, ME). Blood samples were also collected from each pig on necropsy day for assessing virus titers.
Lesions. After necropsy, lung and other tissue samples were taken for macroscopic and microscopic examination. Lungs were removed from each animal, and individual lobes were evaluated for macroscopic lesions, yielding an estimate for the percentage of the total lung affected by grossly visible lesions. Bronchoalveolar lavage (BAL) fluid was also collected from the lungs for virus quantification. Lung sections were examined for the degree of interstitial pneumonia (IPS) using a score from 0 to 6. Virus Titration and Quantification. Standard aliquots of each BAL and serum sample were titrated in triplicate and screened for PRRSV using an indirect immunofluorescence assay. The TCID 50 was calculated using the Reed-Muench accumulative method (Coligan et al., 1996) .
Statistical Analysis
A pig was classified as febrile if its rectal temperature was above the 95th percentile of the temperature of the control animals from the same line at that day. For every animal, the number of febrile days and the number of days with elevated respiratory score (R-score > 0) between 0 dpi and necropsy day were calculated. Actual rectal temperature and respiratory scores were also totaled within the time period m (Tcum, Rcum). To filter out the high day-to-day variation of temperature and respiratory scores, a moving average was calculated from 3 consecutive temperature and respiratory score measures. Virus titers were log (base 10) transformed.
Endpoint data and respiratory and rectal temperature profiles were analyzed using REML mixed model analysis (PROC MIXED, SAS Inst. Inc., Cary, NC). Treatment (control, infected), line, pen, sex, and trial replicate were assumed to be fixed effects, whereas sire and litter were assumed random effects. The fixed effect of treatment was omitted from the models for viremia and lesions because measurements were only taken on infected animals. Traits measured at different necropsy dates were analyzed as separate traits.
For the daily respiratory and temperature measures, dpi was entered into the models as a repeated measure. Relationships between diverse disease and performance traits for infected animals within and between periods were assessed based on Spearman rank-order correlations (PROC CORR, SAS Inst. Inc.). The threshold P < 0.05 was used for statistical significance.
RESULTS

Clinical Signs, Course of Infection, and Line Differences
All animals were serologically negative before challenge, and uninfected control animals remained so throughout the length of the trials. The majority (87%) of control animals had 0 respiratory scores throughout the trial, with the remaining animals having score 1 for some days. Infection had a statistically significant impact on all performance traits, clinical signs, and lesions (P < 0.0001).
Respiratory Scores
Signs of respiratory distress were visible from 24 h after challenge (Figure 1a ). Respiratory scores of infected animals generally increased to a maximum score (maximum R-score = 2 or 3 for most animals) within the first 5 d of infection and gradually decreased toward the end of the trial (Figure 1a) . Some, but not all, of the challenged animals had R-scores comparable with those of control pigs by the end of the trial (20 dpi). The least squares mean (LSM) for R-score of infected animals at the end of the trial was significantly greater than the score at the beginning (P < 0.0001). All of the infected animals that were necropsied at 21 dpi showed respiratory distress (i.e., R-score > 0) for a duration between 11 and 15 d out of the 20 trial days (76% had R-score > 0 for 14 or 15 d). There were no effects of line on R-score or any interactions between line and infection. The same applied to the number of days with respiratory distress.
Fever
Daily LSM rectal temperatures were significantly greater (P < 0.0001) for the infected than control animals from 24 h after challenge and remained so over the entire trial period (Figure 1b ). All infected animals were classified as febrile for a time period of between 2 and 14 d out of the 20 trial days. The LSM for number of febrile days of infected animals necropsied at 21 dpi was 6.55 d (SEM = 0.57) across all trials. Rectal temperatures were consistently greater (P < 0.001) for line B than line A animals, but this was equally true for control and infected animals ( Figure 1b) . The line × treatment interaction was not statistically significant for rectal temperatures, cumulative temperatures, or number of days with febrile temperature.
BW Gain
Infection had a significant impact on BW gain (P < 0.0001), and the impact became more apparent when inspected over the longer time period from 5 d before infection until 21 dpi (Figure 2 ). The LSM difference in BW gain between infected and control animals corresponding to the time period of 5 d before infection until 10 dpi was 2.53 (±0.75) kg (P < 0.002). The difference increased to 5.72 (±0.78) kg (P < 0.0001) when considered over the longer time period up to 21 dpi.
As illustrated in Figures 2a and b , the pig lines differed not only in their BW gain, but also in the reduction of growth due to the infection (i.e., significant line × treatment interaction for 21 dpi). At 21 dpi, noninfected animals of line B had grown on average 9.4 ± 1.8 kg more in BW than noninfected line A animals. For the infected animals, however, the difference between the lines was only 4.2 ± 1.6 kg. Infection caused a reduction in BW gain of 8.3 ± 1.0 kg for line B animals over the time period between 5 d before 21 dpi, but of only 3.1 ± 1.3 kg for line A animals. The effects for the shorter time period between 5 d before 10 dpi were similar, but weaker (no statistically significant line × treatment interaction, Figure 2a ).
Virus Titers
At 10 dpi, virus titers in BAL and serum of the challenged animals were between 10 3.5 and 10 6.3 TCID 50 and between 10 2.8 and 10 5.3 TCID 50, respectively. At 21 dpi, the virus titer had dropped significantly (Figures 3a and b) in all animals and for 37% of animals to undetectable levels. With all trials and lines pooled, the LSM virus titer in BAL dropped from 10 5.10 ± 0.08 at 10 dpi to 10
1.86 ± 0.19 TCID 50 at 21 dpi. The equivalent LSM virus titers in serum were 10 4.08 ± 0.06 and 10
1.46 ± 0.17 TCID 50, respectively. Viral load declined more rapidly to undetectable levels in serum than in BAL, at 21 dpi 28% of animals still had detectable virus titer in BAL, but not in the blood. Similarly, line differences in the virus titer in BAL and serum at dpi 10 were not found to be statistically significant and were inconsistent between the trials (Figure 3b ). The same was true for the BAL virus titer at 21 dpi. However, at 21 dpi line A animals had significantly greater viremia than line B animals consistently in all trials (Figure 3b ). At that time, blood virus titer had fallen below a detectable level for 75% of line B animals compared with 56% of line A animals, indicating that line B animals managed to clear the virus from the blood more rapidly than animals of line A.
Pneumonia
Infection with PRRSV caused significant macroscopic lung lesions in all challenged animals. The LSM of percentage of lung affected by macroscopic lesions at 10 dpi were 38.29 (±3.50)% and 48.17 (±3.41)% for lines A and B, respectively (Figure 3c ), and the difference was found to be statistically significant (P < 0.05). At 21 dpi, the lesions had reduced significantly (LSM = 12.0 ± 1.09% for both lines pooled), but in contrast to the virus titers, were still detectable in all except 1 animal. The difference between lines had declined to a nonsignificant level (Figure 3c ).
Microscopic IPS were consistent with the macroscopic lung lesions (Figure 3d ). At 10 dpi, all infected animals had microscopic IPS between 2 and 6 [LSM = 3.75 (0.18) for line A and LSM = 4.25 (0.18) for line B, pdiff < 0.06]. At 21 dpi, the IPS range had declined to scores between 1 and 4 [LSM = 1.73 (0.14) for line A and LSM = 2.19 (0.14) for line B], but the difference between the lines remained statistically significant (pdiff < 0.04). Control animals had IPS between 0 and 2 for either necropsy date, with the majority of animals having a score of 1.
Relationship Between Disease Traits
The Spearman rank-order correlation coefficients between the diverse clinical traits are presented in Table  1 , along with lesions and performance traits measured on infected animals from both pig lines pooled.
Relationship Between Fever and Respiratory Scores. Correlations between traits related to fever and respiratory distress were consistently posi- tive, although not always significantly different from 0. The severity of fever and respiratory distress were moderately related [r = 0.29 (P < 0.04) at 10 dpi and r = 0.36 (P < 0.03) at 20 dpi for Tcum and Rcum]. The number of febrile days was only significantly correlated with the number of days with elevated respiratory scores after 10 dpi (r = 0.46), but not after the full trial period of 20 d. The duration of the febrile period between start of infection and necropsy date and cumulative temperatures were positively correlated with the smoothed endpoint temperature near the necropsy date. The correlations were strong at 10 dpi (r = 0.75, P < 0.001, for number of febrile days and r = 0.80, P < 0.001, for cumulative temperatures), indicating that repeated temperature measurements may not be required at the early stages of infection. At 20 dpi, correlations were still significant, but weaker (r = 0.49, P < 0.01, for number of febrile days and r = 0.65, P < 0.005, for cumulative temperatures), reflecting the recovery of many animals by 20 dpi. In contrast, the severity of respiratory distress at the endpoint date was only moderately related to cumulative respiratory scores (r = 0.63, P < 0.01, and r = 0.52, P < 0.01, for 10 and 20 dpi, respectively) and only significantly related to the length of period with respiratory distress when measured over a sufficiently long time period (r = 0.62, P < 0.01, for animals necropsied at 21 dpi).
As indicated by the diagonal values in Table 1 , a generally strong positive correlation across time was found for the individual temperature and respiratory summary traits (i.e., number of days, cumulative scores).
Relationship Between PRRSV Titers in BAL and Serum and Lesions. Virus titers in BAL and in serum were only significantly related at 21 dpi (r = 0.47), but not at 10 dpi, where a high virus load was detected in all infected animals. A moderately strong positive relationship was found between the percentage of lung affected by macroscopic lesions and the microscopic IPS, with a stronger correlation at 10 dpi (r = 0.52, P < 0.01) than at 21 dpi (r = 0.33, P < 0.01). Both macroscopic and microscopic pneumonia indicators were positively related to virus titer in BAL at both sampling points, with correlations ranging from r = 0.33 to r = 0.46, P < 0.05, Table 1 ). Serum virus titers were, however, only significantly related to macroscopic lung lesions at 21 dpi (r = 0.27, P < 0.01).
Relationship Between ADG and Clinical Signs and Lesions. The ADG was negatively correlated with all clinical signs and lesions examined, although the majority of correlations were not statis- tically significantly different from zero (Table 1) . For the short time period up to 10 dpi, growth was only significantly correlated with the number of days with elevated respiratory scores (r = −0.38, P < 0.02) and not with other clinical signs or lesions. For the longer time period lasting until 21 dpi, growth was not significantly related to severity or duration of fever or respiratory distress.
The relationship between growth and virus titers in BAL or serum was only significant at 21 dpi (r = −0.26, P < 0.02, and r = −0.40, P < 0.01, respectively) and was not significant at 10 dpi. The lesions indicators of pneumonia were not significantly related to growth at either time period.
Relationship Between Fever, Respiratory Scores, PRRSV Titers, and Lesions. At 10 dpi, rectal temperatures were not significantly related to BAL or serum virus titers (Table 1) . At 21 dpi, a significantly strong relationship between the number of febrile days and the rectal temperature near necropsy with the BAL virus titer was found, however (r = −0.22 and r = 0.22, P < 0.02, respectively), suggesting not only that rectal temperature is a moderate indicator of virus titer in BAL, but also that animals that reacted to the infection by increased body temperature over a longer period of time were likely to have decreased virus levels at the end of the period. The relationship with the temperature traits, however, was not significant for the serum virus titer. Indicators of respiratory distress were found significantly related to virus titer in BAL or serum at either sampling time. Macroscopic lung lesions were positively related to indicators of elevated rectal temperatures and respiratory distress, but the correlations were generally weak (i.e., r ≤ 0.30; Table 1 ).
Line Differences. Correlations were also calculated separately for each individual line (Table 2) . Although the signs of the correlations were generally consistent between lines, the strength of the correlations often varied. At 10 dpi, correlations between ADG and lesions traits were significantly stronger for line B than line A (e.g., correlation between ADG and macroscopic lesions was −0.04 for line A and −0.55 for line B, pdiff < 0.04). At 21 dpi, the situation reversed, and correlations between ADG and diverse clinical signs or lesions were significantly stronger for line A than line B. Similarly, at 10 dpi, correlations between BAL virus titer and lesions were significantly stronger for line B (r = 0.61 and r = 0.51 for macroscopic and microscopic lesions, respectively) than line A (r = 0.16 and r = 0.03 for macroscopic and microscopic lesions, respectively). Correlations between serum virus titer and lesions score were not statistically significant for either line. At 21 dpi, correlations between BAL virus titer and macroscopic lesions were still strong for line B in comparison with those of line A (r = 0.67 for line B and r = 0.16 for line A, pdiff < 0.01), but correlations between BAL virus titer and microscopic lesions were significantly stronger for line A than for line B (r = 0.67 and r = 0.16, respectively, pdiff <0.01). Also, a moderately strong relationship between serum virus titers and lesions was found for line A at 21 dpi (r = 0.48 Values above the diagonal refer to records collected immediately before or after necropsy at 10 d postinfection (dpi); values below the diagonal refer to records collected immediately before or after necropsy at 21 dpi. Values on the diagonal (marked with *) represent correlations between the same trait measured at 10 and 21 dpi, respectively, based on records collected on infected animals necropsied after 21 dpi. These correlations could only be calculated for the traits for which repeated measurements were taken (i.e., respiratory scores and rectal temperature). NA = not applicable. All correlations with magnitude above 0.22 were significantly different from zero (P < 0.05).
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Fdays and Rdays = number of days with elevated temperature and respiratory scores, respectively; Tcum and Rcum = cumulative temperature and respiratory scores; sT_nec and sR_nec = smoothed average temperature/respiratory score records 3 d before necropsy; BAL and SER = virus titer in bronchoalveolar lavage and serum; Macro = percentage of lung affected by macroscopic lesions; and Micro (IPS) = interstitial pneumonia scores. and r = 0.57 for macroscopic and microscopic lesions, respectively), whereas the relationship was weak at the same time point for line B (r = 0.16 and r = −0.22 for macroscopic and microscopic lesions, respectively).
DISCUSSION
In this study, the relationships between various disease-related traits and between growth and diseaserelated traits were examined for 2 genetically diverse commercial pig lines when challenged with PRRSV. Historically, line A had been selected mainly for reproductive performance, robustness, and growth, whereas line B had been selected mainly for lean growth rate and feed efficiency. Previous studies demonstrated significant line differences in their susceptibility to PRRSV (Vincent et al., 2005 (Vincent et al., , 2006 . The present study revealed that significant line differences also exist for growth response following PRRSV challenge. Line B, characterized by a faster growth rate than line A in the absence of infection, suffered significantly greater reduction in BW growth after infection. Line B also showed more severe clinical signs and lesions than line A. Correlations between growth and disease traits were generally negative, albeit weak. The strongest (negative) correlations with growth rate were found for the virus titer in BAL or serum at 21 dpi, where virus levels had already decreased to undetectable levels in many animals. The results thus suggest that reduction in growth when measured during the short time span of an acute infection (i.e., 10 d) is a poor indicator of the severity of infection and that reductions in growth may be more strongly related to the duration than the severity of infection.
In general, weak correlations were also found among individual clinical signs and lesions. Respiratory scores and rectal temperatures measured at any stage during the infection appear to be poor indicators of virus levels in BAL and serum or of the impact of PRRSV infection on growth and lesions. The relationship between rectal temperatures at the early stage of the infection and the lesions, as well as growth measured at 10 and 21 dpi, was generally weak, thus providing no indication that a febrile response at the early stage of PRRSV infection has any benefits for the severity or the duration of the infection (Hart, 1988; Blatteis, 2003) . Only temperatures close to 21 dpi were significantly correlated (P < 0.05) with macroscopic lung lesions (at both necropsy dates), suggesting that elevation in body temperature and lung tissue damage may share some common underlying biological mechanisms (Hart, 1988) . The 2 pig lines appeared to differ in the strength, but not in the direction of the relationship between performance and disease traits. At 10 dpi, correlations between growth rate and the lesions were significantly stronger for line B, but the situation reversed after 21 dpi, at which time correlations were significantly stronger for line A. Also, the relationships between virus titers and lesions were considerably stronger for line A than for line B at that time.
Line or breed differences in the response of pigs to PRRSV infection have been examined previously. Halbur et al. (1998) found that PRRSV-infected Duroc pigs had less ADG and more severe PRRSV-induced lung lesions than Meishan pigs. Petry et al. (2005) compared the impact of PRRSV infection on growth and disease traits for a Large White-Landrace composite line (NEI) that had been selected for litter size and a Hampshire-Duroc cross (HD) selected for rate and efficiency of lean growth. Uninfected HD pigs had greater ADG than uninfected NEI pigs, but PRRSV infection resulted in HD pigs having less ADG than infected NEI pigs. Similar to the response seen in our study, the pigs from the lean HD line had greater incidence of interstitial pneumonia and virus concentration in blood, lung, and bronchial lymph nodes than NEI pigs. All 3 studies thus consistently demonstrate that pigs from lines or breeds selected for lean growth rate appear to be less resistant to PRRSV infection and experience greater reduction in BW growth than pigs from lines selected for reproductive traits.
The typical commercial pigs are a genetic composite of lines selected for lean growth and reproductive performance. With the recent advances in genomics and the likely use of a highly dense SNP chip in the near future, it will soon be possible to better understand which specific genes are associated with and hence affect biological functions that are affected by PRRSV. Marker-assisted selection may enable selection for more robust pigs that perform better in the face of PRRSV challenge but that still retain desirable characteristics such as lean growth and reproductive performance.
Growth and severity of infection have also been found to be consistently negatively related across different PRRSV challenge studies. Greiner et al. (2000) and Petry et al. (2005) both reported a negative relationship between serum PRRS virus concentration and BW growth. However, they also found that the strength of the relationship varied throughout the stage of infection, with the strongest correlation/greatest reduction in growth occurring at the later infection stages when systemic virus concentration was less. It remains to be shown whether the change in strength of the relationship is an artifact of a different variation in growth rate at different time periods or is due to a direct relationship between growth rate and some immune process that is mainly active at late infectious stages. Johnson et al. (2004) have reported that the impact of infection on growth was strain dependent. In their challenge study, infection with the virulent PRRSV strain MN184 produced the most severe infection of the longest duration and resulted in significantly less BW gain over a 49-d period than that of pigs infected with less virulent strains. Petry et al. (2005) also reported generally weak correlations between growth rate and diverse clinical disease traits (e.g., rectal temperature) and lesions (e.g., macroscopic and microscopic lesions, virus titer in lung, and bronchial lymph nodes) and also between diverse clinical signs and lesions. The weak associations indicate that the different disease traits relate to different components of the immune response. Estimates of genetic correlations, which require more data than were available for this project, would provide valuable insight on this matter.
Although the present data set only contains repeated measurements for the clinical disease indicators (i.e., rectal temperature and respiratory scores) and for the other traits at 2 different time points, the statistical results nevertheless indicate that relationships between traits are not stable over time. These relationships likely change as a result of different disease-related mechanisms operating on different time scales. For example, virus concentration in serum and BAL were significantly related at 21 dpi, but not at 10 dpi, where virus levels were substantially greater, suggesting different time trends for the virus dynamics at different locations. Indeed, viral loads in serum are reported to peak as early as 4 dpi (Greiner et al., 2000) , whereas virus load in the lung peaks at 7 to 9 dpi (Labarque et al., 2003) . However, Petry et al. (2005) found moderately strong positive correlations between virus concentrations in blood, lung, and lymph nodes at 14 dpi. These reports, combined with the results of the present study, indicate that animals with greater PRRSV concentration in blood at later infectious states are also likely to have greater virus concentrations in other tissues for which in vivo samples are difficult to obtain. Time trends, and hence the relationships between traits, may also depend on the PRRSV strain. For example, Johnson et al. (2004) showed that some of the more virulent strains lead to greater viremia levels at the early stages of infection, but also a faster decline due to increased antibody titers.
It is well documented that PRRSV has a negative effect on growth, but as illustrated above, the magnitude of this effect varies between and within lines and breeds. The analyses suggest that selection for production or decreased PRRSV susceptibility may have a substantial impact on this relationship and that therefore some understanding of the underlying mechanisms governing this relationship would be desirable. The growth-susceptibility relationship may be determined by at least 3 possible underlying mechanisms that are under partial genetic control: i) PRRSV infection leads to reduction in feed intake with direct consequences on growth, ii) immune response has a direct effect on growth through common genetic pathways other than those controlling feed intake, and iii) growth and immune response compete for the same resources leading to a trade-off between growth and immunity.
Evidence exists in the literature in support of all 3 of these mechanisms. For example, immunological studies revealed that PRRSV infection (combined with Mycoplasma hypneumonieae) induces increased production in proinflammatory cytokines including IL-1β and IL-6 (Escobar et al., 2004; Thanawongnuwech et al., 2004) These cytokines not only coordinate and activate the adaptive immune response (Van Reeth et al., 1999; Van Reeth and Nauwynck, 2000) but are also known to trigger reduction in feed intake and to downregulate the GH IGF-I axis (Roberts and Almond, 2003; Escobar et al., 2004) . By correcting BW gain for feed intake in their covariance analysis, Escobar et al. (2004) concluded that the reduction in BW gain of PRRSVinfected pigs was mainly due to reduction in feed intake, thus pointing toward a big role for the first of the above listed mechanisms in response to PRRSV infection. However, Escobar et al. (2004) also reported an increase in the expression of myostatin in the muscle after PRRSV infection, which may have been activated by proinflammatory cytokines. Myostatin is known to be a negative regulator of muscle mass and thus growth in various species (McPherron et al., 1997; Sharma et al., 1999) . Also, in a separate experiment, Roberts and Almond (2003) found no significant differences in feed intake between PRRSV infected and uninfected control animals after 11 dpi, but IGF-I depression of infected pigs continued through to 28 dpi. The results therefore suggest that PRRSV infection, independent of feed intake, may suppress growth through reduction of serum IGF-I concentrations and increased expression of myostatin, thus providing evidence for mechanism (ii) listed above.
It could be hypothesized that the differences in growth response to PRRSV infection observed in our and previous studies may be due to differences in production of proinflammatory cytokines. This was investigated in a recent study (Petry et al., 2007) , which compared expression levels of 11 immune genes involved in innate and adaptive immunity between pigs classified as high and low responders to PRRSV according to clinical and lesions symptoms from the HD and NEI lines used in their previous studies. The authors found that expression levels of IL-1β and IL-6 in the serum, lung, and bronchial lymph node were indeed greater for the leaner HD pigs than for pigs from the NEI line. However, line × treatment interactions were not statistically significant, thus providing no evidence for line differences in the production of these cytokines during infection.
Resource allocation has been considered as a main driver for the growth-disease susceptibility relationship by many authors (Beilharz et al., 1993; Rauw et al., 1998; Van der Waaij, 2004; Kyriazakis and Houdijk, 2008) . The theory builds upon the assumption that different biological processes require nutritional resources. When these resources are scarce, a trade-off between different processes would occur, which is manifested by negative correlations between corresponding traits. Infectious challenges impose additional resource requirements for the animal (Lochmiller and Deerenberg, 2000) , but may simultaneously trigger reduction in feed consumption (as illustrated for PRRSV infection above), thus producing a trade-off between growth and immunity. In particular, selection for lean growth may imply selection of animals that allocate consumed resources predominantly toward lean growth. When exposed to infectious challenge, these pigs may continue to allocate resources predominantly to growth at the early stages of the infectious challenge, thus not suffering great reductions in growth initially. However, neglecting the immune response in resource allocation may be detrimental for the immune status of the pig, leading to more severe disease symptoms and tissue damage, and, consequently, also to greater nutritional requirements to launch an effective immune response. Assuming that biological functions necessary for survival have priority over growth (Coop and Kyriazakis, 1999) , the infected animal will eventually be forced to allocate a greater proportion of resources toward immunity with detrimental impact on growth. Hence, the theory infers that animals that have been bred to favor growth initially will suffer greater reduction in BW growth in the long run. This hypothesis was verified recently in a modeling study (Brindle, 2008) . The results of our and previous studies (Petry et al., 2005) support the above theory, as line differences in reduction in growth were relatively small during the early stages of infection and disease symptoms were more severe for the pigs of the lines selected for lean growth at the acute phase of the selection, but differences in the symptoms decreased toward the later stage with detrimental impact on growth for pigs of the lean growth lines.
The above examples illustrate that the relationship between growth and disease state is likely to be the product of a variety of interacting mechanisms, which may be influenced differently by selection. A comprehensive framework that describes the interaction between the different mechanisms and the impact of selection on these would be desirable because it may help to anticipate the consequences of selection for PRRSV resistance. Conceptual frameworks for generic diseases have been proposed (Knap and Bishop, 2000; van der Waaij, 2004; and have also been implemented into a quantitative model for macro-parasitic infections (Vagenas et al., 2007; Doeschl-Wilson et al., 2008) . To our knowledge, no such model exists for micro-parasitic infections. However, given the economic importance of PRRS and the vast amount of information produced by diverse experimental studies, PRRS appears to be a good candidate disease for the
